Multimode Interference 3 dB Splitters in Hollow Core Metallic Waveguides for Low-Loss THz Wave Transmission by Markides, C. et al.
Markides, C., Themistos, C., Tanvir, H. M., Rahman, B. M. & Grattan, K. T. V. (2013). Multimode 
Interference 3 dB Splitters in Hollow Core Metallic Waveguides for Low-Loss THz Wave 
Transmission. IEEE Journal of Selected Topics in Quantum Electronics, 19(1), doi: 
10.1109/JSTQE.2012.2215018 
City Research Online
Original citation: Markides, C., Themistos, C., Tanvir, H. M., Rahman, B. M. & Grattan, K. T. V. 
(2013). Multimode Interference 3 dB Splitters in Hollow Core Metallic Waveguides for Low-Loss 
THz Wave Transmission. IEEE Journal of Selected Topics in Quantum Electronics, 19(1), doi: 
10.1109/JSTQE.2012.2215018 
Permanent City Research Online URL: http://openaccess.city.ac.uk/12234/
 
Copyright & reuse
City University London has developed City Research Online so that its users may access the 
research outputs of City University London's staff. Copyright © and Moral Rights for this paper are 
retained by the individual author(s) and/ or other copyright holders.  All material in City Research 
Online is checked for eligibility for copyright before being made available in the live archive. URLs 
from City Research Online may be freely distributed and linked to from other web pages. 
Versions of research
The version in City Research Online may differ from the final published version. Users are advised 
to check the Permanent City Research Online URL above for the status of the paper.
Enquiries
If you have any enquiries about any aspect of City Research Online, or if you wish to make contact 
















    	  	
 	



























" !) ! !-' ! .% %( $& )/ *-!0) $ %(( )
)$#&$($-!& )-$&$($- !&' -&%.%#$-!. 1%&$!. (% 
!11.$-!$%&)$&+!&2($.')/)0-!)$&)&)$&#34/$&$+!#$&#
354!&'$&)1- %)-%12364!7#0$'$&#$&$)$& +'$!
)1- !. #$%&$)!+!8% -!..&#'0%  -&1 %# ))$&
)%0 -) 394 !&'  -$7 ) %( 	
" :!7) ;! $%0) 	
"
:!7#0$')!7*&)0##)'/)0-!)+!..$-:!7#0$')
3<4/ 1$1:!7#0$') 3=4 !&' 1%.2+ *!)' ($* ) 3>4% 
 -&.2/ '$.- $-.$&' %..%: -2.$&' $-!. +!..$-
:!7#0$') 3?4 !&' %..%:-%  1.!)+%&$- :!7#0$') 3@4
!7*&1 )&'/A$*$$&#7 2.%: !&)+$))$%&.%)))
0.$+%' & ( &- *!)' '7$-) !7 *&
)!*.$)'(% 0)$&)7 !.:!7.&#'$7$)$%&+0.$1.A$&#
 )2)+)/ )0- !) 1%:  )1.$ ) 3,4/ !&' 1!)'
!  !2 '+0.$1.A ) 34 !&' *!.!&-' -% &  -$7 )
354/ '0 %  !) %( (!* $-!$%&/ -%+1!-&))/ .%:.%))/

!&0)- $1 -$7'1 $./5,5
! B$')$):$1! +&%(&#$& $&#!&'11.$'-$&-)/
 ' $-B&$7 )$2/$-%)$!,6=/21 0)-+! B$')C-+! B$')$&(%
 	+$)%) $) :$  1! +& %( &#$& $&# !&' 11.$'
-$&-)/  ' $-B &$7 )$2 1%&D E6<>55966<<F (!AD E6<>55
96?569F+!$.D-+$)%)C-2!&-%+-2

 	!&7$  $) :$  1! +& %( &#$& $&# !&' !+!$-!.









	;G !!& $):$ 1! +&%(&#$& $&#!&'!+!$-!.
-$&-)/ $2 &$7 )$2/ %&'%&/ ; ,
/  +!$.D
	;G !!&C-$2!-0B
:$' *!&':$' !&' .%: 1%.! $"!$%& '1&'&- 
'7$-)! *!)'%&).($+!#$&#1 %1 2364/: 
#0$'' +%') %( ! +0.$+%' :!7#0$' !  A-$' !&'
$& ( -%&) 0-$7.2%1 %'0-)$&#.% +0.$1.$+!#)%(
!& $&10 ($.' .!0&-' 0)0!..2 7$! )$&#. +%' %1$-!.
:!7#0$')!%&&'%() 0-0 /!1 $%'$-$& 7!.)
!.%&# '$ -$%&%(1 %1!#!$%&	&0+* %( +%')
A-$' $& !- ) 0-0  !&' -%&)H0&.2 1%)$$%&
%($+!#)!.%&#'$ -$%&%(1 %1!#!$%&! '1&'&
%&  1%)$$%& %(  $&10 :!7#0$') $&  .! !. 
'$ -$%&/ -!..'  $& ( &- +-!&$)+ 364 &'  
)2++ $- $& ( &- +-!&$)+/  ($ ) $+!#%( !&
$&10 ($.' .!0&-' 7$! !& $&10 :!7#0$' 1.!-' $& 
-& %(:$'/$)%*!$&'!!).($+!#.&#%(








:  β, !&' β !   1 %1!#!$%& -%&)!&) %( 
(0&'!+&!.!&'($ )$# % ' +%')/ )1-$7.2
&  1 )& :% B/ ! +0.$+%' $& ( &- !.(1%: 
)1.$  $) 1 )&'/ *!)' %&  .%: .%)) %..%:-% 






$)!--0 !-2/(.A$*$.$2!&'7 )!$.$2$&&0+ $-!.!&!.2)$)
%(%1$-!.:!7#0$')/1! $-0.! .2$&) 0-0 ):$! *$ ! 2
)!1)/ $&'A 1 %($.)/ &%&.$&! $$) !&' !&$)% %1$) & 
1 )& :% B  (0.. 7-% $!. 
($.' ($&$ .+&
(% +0.!$%& :$  !$' %( 1 0 *!$%& -&$H0 3<4 !)
*& !11.$' (%   +%'!. !&!.2)$) %(  1.!)+%&$-
:!7#0$' ) 0-0 / % ' +$&  1 %1!#!$%&
-! !- $)$-) %(  (0&'!+&!. !&'  ($ ) $#  % ' 
+%'!&'%)$+!.&#0)$&#
	  !11 %!- *!)' %&  1! !A$!. :!7 H0!$%&
3=4 $) :$'.2 0)' (%   )0'2 %( .$#:!7) $& $&# !'
%1$-!. :!7#0$') 	 $&$ .+& 
*!)' %&   !&B$-%.)%& !.#% $+ 3?4/ $&-% 1% !$&#












































































1 (-.2+!-'.!2 *%0&'! 2-%&'$$%&3@4%
!*)% *  0&:!&'  !'$!$%& %0 %(  -%+10!$%&!.
'%+!$& !) *& 0)' $&  1 )& :% B/ 1 %7$'$&# !&
((-$7 &0+ $-!. %%. (%   !&!.2)$) %(  '7$-)
A!+$&'/)$&-$0$.$")!..!'7!&!#)%(	
 !.#% $+ )$+0.!)  7%.0$%& %(  %1$-!. 1%: 
!.%&#'$ -$%&%(1 %1!#!$%&!&''0%'$)- $"!$%&
%( '7$-/ %1$-!.1 %1 $)-!&*-!.-0.!'(% !&2
 !&)7 )- %)) )-$%&%(  ) 0-0 ! !&21%)$$%&!.%&#
'$ -$%&%(1 %1!#!$%&

	 :%'$+&)$%&!. ($&$'$(( &- $+'%+!$&
5 	 !) *& :$'.2 0)' !) ! $#.2 (($-$& !&'
7 )!$. +%' (%  )%.7$&# !A:..K) H0!$%&) 35,4 	
	+%')%.7)!A:..K)H0!$%&)*2($ )'$)- $"$&#
 1 %*.+ )1!- $&%  -!&#0.!  -..) !&'  %0# A1.$-$
$ !$%&) !11.$) ($&$'$(( &- !11 %A$+!$%& % )B !
'$ - )%.0$%& %  $+'1&'& -0 . H0!$%&)
&0+ $-!..2 $&-  	 +%' $) !& A1.$-$ )-+/
  $) ! .$+$%&  $+)1   %&)0 )!*$.$2 $& 
!.#% $+/










:   <  !&'   $)  :!7 1 %1!#!$%& )1' (%  
:%'$+&)$%&!.	-!)	)!*$.$2 (!-% &)0 )!
+!A$+0+ $+)1 )$" $) ' +$&' *2  )$" %( 
-..)$&/!&''$ -$%&$&-%+10!$%&!.'%+!$&&
)$+0.!$&#+0.$+%'$& ( &-:!7#0$'0)$&#5
	+%' (-.2!-'!2 354!*)% *$&#
*%0&'! 2 -%&'$$%&)  !  !11.$' %  +$&! 
1 %*.+ )1!- &  1 )& :% B  	 !11 %!- !)
*&0)'%)$+0.!) 0-0 $&$+'%+!$&
 	
$&+!.-.!')$.$-! -!&#0.! :!7#0$':$!&!$ -% 
!&'!$&.!2 %(1%.2) &'1%)$'!$&& )0 (!-%(
+!.-.!''$&#/!))%:&$&$#/!)*&-%&)$' '!)
) 0-0 %(+0.$+%'& ( &--%01. 
	 -%+1.A  ( !-$7 $&'$-) 0)' (%   #%.' 0
+!.-.!''$&#/)$.$-!%0 -.!''$&#!&'1%.2) &$&& 
-%!$&#: -%&)$' '%*5?<<E89@>93554/@=E
8,,,= !&' <? E 8,,,6=/  )1-$7.2/ ! !& %1 !$&#
( H0&-2 %( 5< 	
"  -%+1.A  ( !-$7 $&'A %( , E
8L,
=
(%  !$  % !B $&% !--%0&  .%)) !  !*%7
( H0&-2/ !) *& 0)' 	 $# 
/ !&'  :$'/
/%() 0-0 : -%&)$' '%*++!&'6
++/  )1-$7.2 !&'  1%)$$%& %(  $&10 !&' %010
1% )/ )1!-' *2 ! '$)!&- %( !.( :$' !.%&# 
% $"%&!. '$ -$%&/ !--% '$&# %  ).( $+!#$&# 1 $&-$1./
! !.)%1%$&'$&$#	+!.$-B&)):!)-%&)$' '









&$!..2/ (0&'!+&!.!&'($ )% ' $# 	+%')
%(   - %)) )-$%&/ 1 )&' $& $#5 !7 *&
%*!$&' 0)$&#  (0.. 7-% $!. 




β I <555, ++

/  )1-$7.2/ 0) #$7$&# ! ).( $+!#
.&#/$%(>><++!&'-%&)H0&.2!!.(1%:  .&#




!          *
$#5!0&'!+&!.!&'*($ )% ' 	+%'%(

)%0.'*&%'!$#!)*&')$#&'%
* ++ % &)0  )$&#. +%' *!7$%0  !.%&#  7 $-!.
'$+&)$%&	$-B&))%($&& 1%.2) &-%!$&#!)




$#6  %1!#!$%& ! !- $)$-) %(  (0&'!+&!. +%' %(  
) 0-0 :$1%.2) &$-B&))/





































































)-!&*)&( %+!*%7-! !- $)$-)((-$7
$&'A$&- !)):$$&- !)%(1%.2) &$-B&))/
(%    !&# A!+$&' 
%:7 /  7! $!$%& %( 
!&0!$%&A$*$)!+$&$+0++%'!..%))%(!*%06'J+(% 
! 1%.2) & $-B&)) %( 5, +/ !&'  (%   !*%7
$-B&))!)*&).-'!)%1$+0+7!.0$&')$#&
%() 0-0 	!--0 !-2%(!11 %!-!)
*& 7 $($' *2 -%&)$' $&# ! )H0!  ) 0-0  %(  )!+
+! $!. !&'  )!+:$' !&' $# $& *% .! !.
'$+&)$%&)%(?++/$&:$-1%.2) &$-B&)):!)
7! $'+$&$+0+!&0!$%&%('J+!)*&%*!$&'
$&  !*%7 ) 0-0 / (%  ! 1%.2) & $-B&)) %( <+
	!*%7.7.%(!&0!$%&$)(%0&'%*$&($&!# +&
:$  +$&$+0+  !&)+$))$%& .%))  1% ' $& 3?4 (%  
2* $' 










( %+!% $"%&!.1.!&A!A$)!-& %(:!7#0$'
!.($#!.%&#'$ -$%&%(1 %1!#!$%&"!A$)/
(%  ! G!0))$!& *!+ %( ! )1% )$" '$!+  %( ,= ++
.!0&-' !  -&  %(   !) )%:& $& $#/ $)
1 )&' $& $#9 ) -!& * )& ( %+  !*%7 ($.'
7%.0$%&/+0.$1.$+!#)%($&10($.'! A-$'!.%&#








.%0#/ $)!)+!..'$(( &-( %+'7$-.&#
)$+!' 0)$&#   !11 %!-/  1%)$$%& %(  !.(
$+!#) -!& * 7! $' :$  )1%)$" '$!+  %( 
.!0&-' G!0))$!& *!+/ !) 1 )&' $&  (%..%:$&#
)-$%&)
%:7 /:$$& !& .&# )1!&%( 5++/ 
 '0-$%&%(($.'$&&)$2'%)&%' %1*.%:6M( %+
+!A$+0+$&&)$2
	 ($.' $+!#)%( G!0))$!& $&10! - %)))-$%&
%(  $&10!&'%010%('7$-! !.)%1 )&'
$& $#< 	 %010 $+!#) !  !.( 1%:   1.$-!) %( 
.!0&-' ($.' !&' )1!-' !.%&#  -&  %(  ! !
'$)!&-H0!.%!.(:$'/!)A1-'
0  /  1 (% +!&- %(   '7$- $&  $+
'%+!$& !) *& A!+$&' 0)$&#  	 !11 %!-
&$$!..2/ ! )$&0)%$'!.:!7 ! 5< 	
" !) *& .!0&-' %
'+%&) !  1 (% +!&- %(  '7$- (%  !





























*2 .!0&-$&# ! )$&0)%$'!. :!7 :$ ! )1%)$" '$!+  %(
,>=++/  .&#%( '7$-:!)(%0&' %*6??++/








.( 1%  !))$#&' !) 1%   $& $# $) 1 )&' $& $# >/
: $-!&*)&!+!A$+0+( H0&-2$).%-!'!
































































































0  /!G!0))$!&*!+%()1%)$"'$!+ %(,>=++/
.!0&-'  $&10 %(   '7$- !) *& )$+0.!'
0)$&#  	 !11 %!- !&'  ($.' 7%.0$%& ( %+ !











.&# -!&*%1$+$"':$ 7! $!$%& )1%)$"'$!+ 
%(  *!+ )%0 -/ !) 1 )&' $& $#@ &  !*%7
-! !- $)$-) $ -!& * )& !   .&# $&- !))
.$&! .2:$)%0 -)1%)$"'$!+ /(% !- !$& !&#
2$&- !)$&#(0  )1%)$"'$!+ /$+!#)!
%0101% )' $% !&%)%:& /)$&-)1%)$"$)
.$+$'*2$#%('7$-
$&!..2/.- $-($.'/%*!$&'( %+.(1% %010
%('7$-/( %+G!0))$!&$&10*!+%()1%)$"
'$!+  %( ,>= ++/ A!+$&' $& $#?/ $) 1 )&' $&
$#,	:!7#0$''$)1 )$%&1! !+ //%('7$-
! 5< 	
" :!) )$+!' % * !*%0 , 1)J+L+ 	$)
-%  )1%&') % 10.) * %!'&$&# %( !*%0 ,?< 1) (%  !
,,6? + .%&# :!7#0$' !&' ! *!&':$' %( 9 	
" 	
'$)1 )$%& .7.)%( '7$- $)  .!$7.2 )+!..*-!0) 
1 %1!#!$%& $) 1 (% +' $&)$'  !$  -%  !&' +%' $)
$)%.!' ( %+)0 (!-+%')1 %1!#!$&#!.%&# +!.
'$.- $- $& (!-) %(  ) 0-0  '0 %  1%.2) &
-%!$&# 	 '$)1 )$%& .7. $) !.)% (%0&' % * $& #%%'
!# +&:$'$)1 )$%&1 )&'$&3564(% !) 0-0 








$&$ .+& !&' ($&$ '$(( &- *!)' !11 %!-) $&
)1!- !&' $+ !7 *& 0)' % '+%&) !/ (%   ($ )
$+ % %0  B&%:.'#/  1 (% +!&- %( ! %..%: -% 
1%.2) &-%!' +!..$- :!7#0$'*!)' +0.$+%'
$& ( &- !.( 1%:  -%01.  (%  	
" :!7 1 %1!#!$%&
	  !&)+$))$%& .%))) !&'  '$)1 )$%& .7.) !7 *&




%( #!)) !&' #!) +$A0 ) :$  ! " :!7)/K  / $%/
115,5,6/@@=
354 P&/QN$!&#/GRR0/!&'RQ!&#/O! ($.' ! "$+!#$&#
:$!'2&!+$-!1 0 /K/$&/115559/5,,,
364 N Q!&# !&'  G $)-B%:)B2/ O!7#0$'  ! " $+'%+!$&
)1- %)-%12 %( &!&%+  :!7 .!2 )/K  / $'/ 11=>
=@/5,,9
394  %. /  	 '$-0--$/  . !+/ 
   /  
 $&($.'/  G
!7$)/$-$/%$/!&'%))$/O	 ! ")+$-%&'0-% 
 %) 0-0 .!) /K/(%)/11<=<@/5,,5
3<4 N  
!  $&#%&/  G% #/  ' )&/ !&'  0.. / S
%..%:
1%.2-! *%&! :!7#0$') :$ $&&  0 -%!$&#) (%  '.$7 2 %(







0&/S%:$&'A  ! " 1$1:!7#0$')/T / 7%. 69/ 11
69<>U69<@/5,,@
3>4 &!&'
&/S&%7..%:.%))	 ! ":!7#0$'D%.2+ 
0*/T/7%.?/116>=5U6>=>/5,,
3?4 $ %(!&%7/N!+)/ &V&'"/	!7 %#% '!%)/!&'N
 










































































3@4    !+!&/  P0!'$ / 
 	!&7$ / !&'  	 ; G !!&/
! !- $"!$%&%(.!)+%&$-%') $&!%:%))$.- $-%!'

%..%: %  -!&#0.!  !7#0$' ! 	 ! "  H0&-2/T 
/7%.6/%=/11/5,
3,4 	 !)+0))&/ N !)+0))& !&' N
 %7.)&/ S)$#& !&'
1 (% +!&- 7!.0!$%& %( *2=9 +0.$+%' $& ( &- 1%: 
)1.$  (%  %1$-!. -%++0&$-!$%&)/T N $#:!7 	-&%. %*/ 11
5,=@5,>9/@@<
34 G
 *&/G; *0 #/RN$8&)/
.%B/
G %&/
 % +!&/ N ' )& !&'  +$/ S$ 1$&# %( !& 

 +0.$1.A  (%  !11.$-!$%& $& +0.$:!7.&# .!) /T
%%&$-)	-&%.'/11=?/@@>
354 N  $/  &&$&#)/  -  /  G%"'"/  !&!0/ 
&' !'!B$)/ ; !/  0 $)/ N 
!:B$&)/ N %%. !&' N
%&#/ S. !-%+1!- +%&%.$$- $&# !$%& %( *!.!&-'/ 1%.! $"!$%&










3<4  	+$)%)/  !+!& !&' 	; G !!&/ S$&$ .+&
!&!.2)$)(% .%))22%1$-!.:!7#0$')*20)$&#1 0 *!$%&-&$H0)/
/7%.=/11<6><6@/@@9





3?4 *!22!/!+!&  !&'
.$B!$/ S:0..
;-% $!. 0+ $-!..2 (($-$&  %1!#!$%& .#% $+ !)' %& 
$&$.+&%'/T   ! / 7%.%,/ &%6/ 119,@
9</5,,,







#/ 6 ' ' %)%&D  - 
%0)/
5,,<
35,4 N  &# / W 1 (-.2 +!-' .!2  (%   !*)% 1$%& %(
.- %+!#&$-:!7)/W"
'7%.9/11?<5,,/@@9
354  	+$)%)/    !+!&/ !8! !8!&/  	;G !!&/ 
%:'&/ !&' N 
!  $&#%&/ ! !- $"!$%& %( $.7 J%.2)2 &
-%!' %..%: #.!)) :!7#0$') ! 	
" ( H0&-2/3 N $#:
	-&%./7%.5</&%@/1159<=U59=5/5,,>
3554  '!./%&#/../../../.A!&' /!&'! '/
1$-!.1 %1 $)%(+!.)./%/0/05/*/$/'//#/
	$/ !&'$&  $&( ! '!&' (!  $&( ! '/311.1/7%.55/&%>/
11,@@U5,/@?6
3564 .#$ %(!&%7!&'N!+)
!  $&#%&/S$.- $-.$&'-2.$&' $-!.
+!..$- 	






.*$%# !12!&'1%%# !1! &%!7!$.!*.!+%+&

-	.*$%# !12!&'1%%# !1! &%!7!$.!*.!+%+&

/*$%# !12!&'1%%# !1! &%!7!$.!*.!+%+&

0 1*$%# !12!&'1%%# !1! &%!7!$.!*.!+%+&

234*$%# !12!&'1%%# !1! &%!7!$.!*.!+%+&






























































List of Authors 
 
Markides / Christos / Mr / Department of Computer Science and Engineering, School 
of Engineering and Applied Sciences / Frederick University, 7 Y. Frederickou, 
Palouriotissa, Nicosia 1036, Cyprus,/ Tel. +357-22431355 / Fax.: +357-22438234 / E-
mail: cmarkides@cmarkides.info  
 
Themistos / Christos / Dr / Electrical Engineering Department, School of Engineering 
and Applied Sciences / Frederick University, 7 Y. Frederickou, Palouriotissa, Nicosia 
1036, Cyprus,/ Tel. +357-22431355 / Fax.: +357-22438234 / E-mail: 
c.themistos@cytanet.com.cy  
 
Tanvir / Huda / Dr / Department of Engineering and Mathematical Sciences, City 
University, Northampton Square, London EC1V 0HB, UK/ Tel.: +44 (0)20 7040 
8123 Fax: +44 (0)20 7040 8568, e-ail: H.Tanvir@city.ac.uk). 
 
Rahman / B. M. Azizur / Professor / Department of Engineering and Mathematical 
Sciences, City University, Northampton Square, London EC1V 0HB, UK/  
Tel.: +44 (0)20 7040 8123 Fax: +44 (0)20 7040 8568, b.m.a.rahman@city.ac.uk  
 
Grattan / Kenneth T. V. / Professor / Department of Engineering and Mathematical 
Sciences, City University, Northampton Square, London EC1V 0HB, UK/ Tel.: +44 
(0)20 7040 8121 Fax: +44 (0)20 7040 8121 
 
 
Page 6 of 6JSTQE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
